Recent studies reveal that domain walls in magnetic nanostructures can serve as compact, energy-efficient spin-wave waveguides for building magnonic devices that are considered promising candidates for overcoming the challenges and bottlenecks of today's CMOS technologies. However, imprinting long strip-domain walls into magnetic nanowires remains a challenge, especially in bent geometries. Here, through micromagnetic simulations, we present a method for writing strip-domain walls into bent magnetic nanowires using spin-orbit torque. We employ Y-shaped magnetic nanostructures as well as an S-shaped magnetic nanowire to demonstrate the injection process. In addition, we verify that the Y-shaped nanostructures that incorporate strip-domain walls can function as superb spin-wave multiplexers and that spin-wave propagation along each conduit can be controllably manipulated. This spin-wave multiplexer based on strip-domain walls is expected to become a key signal-processing component in magnon spintronics.
I. INTRODUCTION
Magnonic technologies [1] [2] [3] [4] have great potential to overcome the obstacles met in CMOS technologies [5, 6] ; for example, magnonic devices can provide enhanced throughput of information and reduced power consumption [3, 7] . Additionally, magnonic circuits are more suitable for implementing non-Boolean computations [8, 9] for special data processing such as pattern recognition [10] . Controllable, energy-efficient spin-wave propagation in magnetic nanostructures is a crucial step toward practical magnonic nanodevices. In experimentally demonstrated prototype magnonic devices [11] [12] [13] [14] , the Damon-Eshbach propagation geometry has been widely used because of the high group velocity and excitation efficiency of the related spin waves [3, 15] . Highly tunable spin waves and spin-wave beams can be excited using spin-transfer torque [16] [17] [18] . Recently, Topp et al. [19] and Duerr et al. [20] presented a procedure for forming a self-cladding magnonic waveguide with ultranarrow internal channels, which can indeed enhance spin-wave transmission but cannot be applied to bent magnetic wires [19, 20] . Later, Vogt et al. [11, 21] demonstrated continuous spin-wave propagation along either conduit of a magnonic multiplexer by applying an electric current along a buried metallic layer. Both approaches require an applied force, either an electric current [11, 21] or a magnetic field [19, 20] , to maintain the wave-guiding channels, with a considerable associated energy cost.
Alternatively, Garcia-Sanchez et al. [22] have proposed using elongated domain walls to guide spin waves, and The complete dynamic process is shown in Supplemental Material [27] Video S1(b). (g) Spin orientation in the ridge of the fictitious SDW is opposite the electrons' spin orientation set by the SHE [28] , and, therefore, the SDW ridge will be destabilized by SHT, leading to disordered domain patterns. (h) Spin orientation in the ridge of the right SDW is parallel to the electrons' spin orientation defined by the SHE, and, thus, no SHT acts on the SDW ridge. The SDW head feels a SHT and moves forward.
strip-domain wall (SDW) [26] into a bent magnetic wire remains elusive. The domain-wall channels in the bent wires in Ref. [22] were preset via numerical conjectures; the domain-wall injection procedure proposed in Ref. [23] and that adopted in Ref. [24] seem valid only for straight magnetic wires. To allow broader applicability of the waveguide scheme, a procedure for writing long SDWs into bent magnetic wires is urgently needed. In this work, we demonstrate how to form a long SDW in bent magnetic nanostructures (Figs. 1-3) by using the emergent spin-orbit torque (SOT) [29] [30] [31] [32] [33] . We stress that SOT resulting from the spin Hall effect (SHE) possesses the correct symmetry (i.e., both the magnetization and electron spin orientation rotate locally with position along the length of a bent wire, but the resulting torque is always orthogonal to the length) to push the SDW head when stabilizing the SDW ridge (Fig. 4) and that a stable SDW cannot be realized using the scheme experimentally established in Ref. [32] because of some intrinsic physical restrictions. Compared to the approach developed in Ref. [23] , the present method can be applied to magnetic wires with various geometries and to magnetic wires made of a magnetic insulator. The procedure has been used to generate SDW-based spin-wave channels in Y-shaped nanostructures [11] and also in an S-shaped magnetic wire to show its robustness. This research should boost the popularity of magnonic devices using domain walls as spin-wave channels.
II. MATERIALS AND DEVICE STRUCTURE
The basic structure of the domain-wall injection is shown in Fig. 1 . The main body is a Y-shaped nanostructure (middle panel, Fig. 1 ) made of the ultrathin multilayered films HM1=FM=AO x =HM2 (bottom panel, Fig. 1 ), where FM is a ferromagnetic layer with perpendicular magnetic anisotropy (PMA), HM represents heavy-metal layers with strong spin-orbit coupling, and AO x is an oxide layer that insulates the FM layer from the HM2 layer [34] . The asymmetric interfaces of the FM layer combined with the strong spin-orbit coupling in the HM1 layer can induce a large interfacial Dzyaloshinskii-Moriya interaction (IDMI) in the ferromagnet [39] , which is required to stabilize SDWs in bent geometries. Narrow pads (A, B, C, and D) for domain-wall nucleation at each end of the FM layer (top panel, Fig. 1 ) are used to form seed reverse domains. An inplane charge current flowing in the HM2 layer along S1-S3 or S2-S3 generates a pure transverse spin current in the perpendicular direction via the spin Hall effect [28, 40] , which, in turn, exerts spin-orbit torques on the magnetization in the FM layer [41] . We intentionally insert a thin AO x layer between the FM layer and HM2 layer to prevent (a) A strip domain pinned at the left side of a wire has two paired SDW ridges (linear) and a SDW head (semicircle) that form a half-Skyrmion with finite topological charge (denoted by "þ"). J is the current density, σ stands for the electrons' spin orientation given by the SHE, and m represents the magnetization direction in the domain wall. (b) The split strip domains, each with a single SDW: the linear SDW ridge is parallel to the edge, and the bent SDW head (surrounded by the box) is attached to the edge, forming a quarter-Skyrmion. Here, the SDW head still has nonzero topological charge. The rightmost schematics depict typical alignments of m with respect to σ and the associated SHT (T d ) indicating that once m is misaligned from AEσ, a finite SHT arises which tends to drag m toward σ. Dynamics of (c) the paired SDWs, (d) the isolated SDW where m==σ, and (e) the isolated SDW where m is antiparallel to σ, under the current-induced SHT. Zero ps corresponds to the time when the current is applied to the equilibrium spin configuration.
charge current from flowing into the ferromagnet, thus, eliminating the Zhang-Li spin-transfer torques (STTs) [42, 43] in the ferromagnet [44] . Depending on the current path used (S1-S3 or S2-S3), a SDW can be written into the top or bottom arm.
III. MICROMAGNETIC MODEL AND SIMULATIONS
We perform micromagnetic simulations to study SDW injection and spin-wave propagation along the SDWs in Y-shaped nanostructures by numerically solving the modified Landau-Lifshitz-Gilbert equation [45, 46] with spin-orbit torques [41, 47] ,
where m ¼ M=M s is the unit vector along the magnetization M, and M s is the saturation magnetization. H eff ¼ −ð1=μ 0 ÞδE=δM is the effective field in the ferromagnet with μ 0 denoting the vacuum permeability, and
the total energy density, including the magnetostatic, anisotropy, exchange, IDMI, and Zeeman energy contributions. T d and T f represent the dampinglike [48] and fieldlike [49] torques, respectively.
The LLG micromagnetic simulator [50] is used to implement all the simulations, in which only the FM and HM2 layers are explicitly incorporated, as in Ref. [46] . We do not directly include the HM1 and AO x layers in the simulations, but, instead, we simply take account of their physical effects, that is, the IDMI caused by the HM1 layer and the insulation of the FM layer from the HM2 layer enabled by the AO x layer. Both the FM and HM2 layers are
The width of the wire for all samples is w ¼ 100 nm, and the wire length varies with sample geometry. We examine the SDW-injection process and its stability over a wide range of values of M s , K u , and D to account for the sensitivity of the material parameters to interface properties and layer thickness [38, 51, 52] . The results are based on the following material parameters unless otherwise specified:
, and Gilbert damping constant α ¼ 0.02. These parameters correspond to the experimental values reported for Pt=Co=AlO x [53] , Pt=ðCo; FeÞB=MgO [33] , and Ta=ðCo; FeÞB=TaO x [35, 54] systems. For computation, each sample is divided into regular meshes of 2 × 2 × 1 nm 3 in size, which is much smaller than the exchange length l ex ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2A=μM
2 s p ≈ 8.4 nm (i.e., the maximum length within which the magnetization can be kept uniform by the short-range exchange interaction), and open boundary conditions are used. For simulations with spin-orbit torques, the spin Hall angle is assumed to be Φ H ¼ 0.13 [55] , the spin polarization of the carriers in the FM layer P ¼ 0.4, and a series of values of the Rashba parameter α R are considered [56, 57] to examine the influence of the Rashba torque (RT). We consider that the SHE contributes only to the dampinglike torque, while the Rashba effect induces only the fieldlike torque, as implemented in Ref. [46] . The largest Rashba parameter examined gives a Rashba torque 1.5 times as strong as the spin Hall torque (SHT) for J FM ¼ J HM2 . To check the contribution of the Zhang-Li torques in the SDW injection driven by the SHE, equal current densities in the FM and HM2 layers, i.e., J FM ¼ J HM2 and β ¼ α (β is the nonadiabaticity factor [42, 43] ) are implemented in corresponding simulations. The effect of pinning centers on the SDW injection is examined by considering unrealistically high concentrations (1% and 5%) of impurities inside the FM layer, which are modeled as randomly distributed sites over the simulation space with D ðimpurityÞ ¼ −D ðnonimpurityÞ [33, 58] . We also include a Langevin random field in the effective field to test the thermal-fluctuation effects on the SDW injection.
An electric current I dc is fed to S1-S3 or S2-S3 of the Y-shaped nanostructure. Note that the electric current is confined to the HM2 layer when the oxide layer is present; thus, J HM2 ¼ I dc =wd HM2 . The real current distribution along S1-S3 for I dc ¼ 300 μA is overlaid on the top view in Fig. 1 as a contour plot coded into J x (the x component of the current density), indicating that the current distribution is slightly inhomogeneous around the transition region. To mimic experimental conditions, such real current distributions [58] are used in all of our simulations instead of uniform ones [59, 60] , and the Oersted fields given by these current distributions are also incorporated in all relevant simulations.
IV. RESULTS

A. Injection process of a strip-domain wall
Writing SDWs into magnetic nanostructures is the main focus of the present research. Figure 2 shows the steps for imprinting a SDW. First, a quasiuniform single domain [ Fig. 2(a) ] is generated, which can be realized numerically by relaxing an artificial spin configuration with m z ¼ −1 to static equilibrium. Experimentally, a sufficiently strong magnetic field along −z can be used to set up such a spin configuration. Second, a seed domain wall is injected into the narrow pad A. To do this numerically, we apply a sinusoidal field pulse [59] H i ¼ H 0 sinð2πf i tÞ with H 0 ¼ 1.4142 T (H 0 is in the plane normal to the pad length and 45°away from the x-y plane), f i ¼ 2.5 GHz, and t ¼ 200 ps to the outmost 50 × w N nm 2 of pad A (w N is the pad width). Figure 2(b) shows the spin configuration at a time when H i runs for 200 ps. It is worth noting that experimentally, a seed reverse domain can be injected by using a local spin valve formed on the pad [61] . Third, a direct current (I dc in Fig. 1 ) is applied to the top conduit from S1 to S3, and as a result, a transverse vertical spin current is injected into the FM layer. This spin current imposes a spin torque on the seed domain wall via the SHE [28] . The Rashba effect may occur here but will not significantly affect the SDW injection if the relative strength of the RT to SHT is below 0.5; see Appendix A.
The SHT drives the seed domain wall to move forward and enter the arm [ Fig. 2(c) ]. After entry, the seed domain wall, initially aligning along the transverse direction [ Fig. 2(b) ], evolves into a SDW with its ridge aligning along the arm [ Fig. 2(d) ]. It is intriguing that the SHT moves only the head of the SDW, but it does not shift the ridge of the SDW. We show that this is because the magnetization in the SDW ridge (at the SDW head) is parallel (perpendicular) to the electrons' spin orientation defined by the SHE and, therefore, feels a vanishing (considerable) torque. At approximately 1975 ps, the SDW head passes through the bent section of the top conduit and enters into the base. At approximately 3949 ps, the SDW head reaches the left end, and an intact SDW is written into the top conduit. Next, by withdrawing the electric current and relaxing the whole system to static equilibrium, a stable SDW is obtained, as shown in In Fig. 2 , the initial domain is downward, the seed reverse domain is upward, and an electric current along S1-S3 successfully writes a SDW into the top conduit. We now begin the process from an upward initial domain In Figs. 2 and 3, pad A is used to inject a SDW. SDW injection can, in fact, be initiated from any one of pads A-D. However, as in the case using pad A, only the seed domain with a specific magnetization orientation can result in the successful imprinting of a SDW, and the seed domain with an opposite orientation will cause chaotic dynamics [see the Supplemental Material [27] Videos S1(a)-S1(h) for details]. The dependence of SDW injection on the magnetization orientation of a seed domain can be understood as follows: assuming that a SDW can also be injected into the arm from pad A with the wrong magnetization orientation [as shown in Fig. 3(b) ], the magnetization orientation in the ridge of the SDW will be antiparallel to the spin orientation of the electrons polarized through the SHE [see Fig Figure 4 (a) shows a strip domain (pinned at the left end of the wire) that is enclosed by two parallel SDW ridges and a SDW head (forming a half-Skyrmion also called a meron [59, 62] ). The pinned strip domain with paired SDWs will split into two strip domains [ Fig. 4 (b)], each of which has an isolated SDW ridge parallel to the edge and a SDW head (as a quarter-Skyrmion) touching the edge if the wire is cut along its middle line. Using stripe domains as the seeds, current-driven generation of Skyrmion bubbles was elegantly demonstrated in the recent literature [32] , and the spatially divergent current across the paired SDWs induced by the constriction was reckoned to be responsible for the Skyrmion generation. However, according to a latest theory especially developed to explain the experimental results in Ref. [32] , Lin [63] revealed that a strip domain with paired SDWs cannot sustain and exist in the system once a current is applied because the half-Skyrmions (acting as the SDW head) at the ends of a stripe domain will move transversely due to the Magnus force associated with the finite topological charge of a half-Skyrmion. Consequently, a strip domain subjected to a current will be distorted in a zigzag manner and eventually break into massive Skyrmions.
B. Current-driven dynamics of strip-domain walls
Therefore, inherently, the strip domain with paired chiral SDWs [as shown in Fig. 4(a) ] cannot be written into a magnetic wire by current-induced SHT because of the physical limit identified by Lin [63] . Below, we show that there exists the other intrinsic mechanism that makes it impossible to inject such a strip domain with paired chiral SDWs into a wire by SHT (Appendix C, Fig. 13 ). The reason is that one of the two chiral SDWs has its magnetization antiparallel to the electrons' spin orientation defined by the SHE [as shown in Fig. 4 Fig. 4(b) ] to the σ vector, the SHT is zero as expected from the expression
is the reduced Planck constant, e the elementary charge, d FM the thickness of the FM layer,Ĵ the unit vector in the current direction, andẑ the unit vector along the z axis; see Refs. [28, 41] . However, such situations should not exist for a practical system, because many random factors, such as defects and thermal fluctuation, can disturb these ideal alignments. Once there is an m vector misaligned from AEσ, a finite SHT will arise and drag m toward σ. Consequently, for any deviation from "m==σ," the current-induced SHT will drive the system to return m==σ; for any deviation from "m antiparallel to σ (i.e., m== − σ)," the SHT tends to drive m toward σ. In the latter case, the rotation of m will destroy the given chirality of the SDWs that are defined by the IDMI. Further, the competition between the SHT and the torque associated with IDMI will give rise to chaotic SDW dynamics. Figure 4 (c) illustrates the current-driven dynamics of an open strip domain without including the half-Skyrmion head [i.e., the part encircled by the box in Fig. 4(a) ]. It is seen that one of the paired SDWs (here, the bottom SDW) begins to deform once the current is applied, and it is heavily distorted and intersects the bottom edge at 148 ps after the current application. Its subsequent chaotic motion will, in turn, destroy the other SDW (here, the top SDW) and result in disordered domain patterns in the nanowire. When the two SDWs are spatially separated [63] , into the currentdriven dynamics of strip domains.
As shown in Fig. 4 (b), after division, each SDW consists of a SDW ridge and a SDW head. The SDW head, which can be approximately regarded as a quarter-Skyrmion, has nonzero topological charge. Thus, under the current as displayed in Fig. 4(b) , the bottom SDW cannot maintain its profile and will fluctuate irregularly, as how the SDW behaves in Fig. 3(f) . However, under the same current, the top SDW can keep its general shape and gradually grow along the edge. This progressive elongation of the SDW benefits from the stabilization of the SDW ridge and the steady longitudinal motion of the SDW head along the edge. In fact, there is a transverse Magnus force acting on the quarter-Skyrmion-like SDW head as a result of its finite topological charge [62] (Appendix D, Fig. 14) . Nevertheless, here, the SDW head is tied to the edge so that the confining force [64] coming from the edge cancels the Magnus force, and the transverse motion of the SDW head is suppressed completely, avoiding the zigzag distortion of the SDW and the creation of associated topological charge as described in Ref. [63] . That is to say, by splitting the strip domain with paired chiral SDWs into separate SDWs, each attached to an edge, the two independent physical mechanisms responsible for the destabilization of a strip domain can be simultaneously deactivated, and significantly, a single SDW can be imprinted into a wire by using the SHT.
In Ref. [32] , strip domains were indeed observed to exist in the studied micrometer-sized samples subjected to ultralow current densities. However, the observed strip domains, which are deemed to be pinned and thereby extrinsically stabilized by the randomly distributed impurities inside the samples [63] , exhibit an irregular zigzag profile, making the SDWs not suitable for guiding spin waves as smooth fibers. Furthermore, stabilization of the zigzag SDWs by impurities will become invalid for fast nanoscale devices that demand high-speed operation under reasonably high current densities.
C. Influence of variations in geometry and material parameters
We examine the applicability of the injection procedure with respect to variation in the samples' geometry, including the opening angle between the base and arms, the corner shape around the transition region, and the pad width of the Y-shaped nanostructure, and find that the injection procedure is generally valid throughout the considered geometries and also for the sample with vanishing IDMI. The details are presented in the Supplemental Material [27] Videos S1-S6.
The equilibrium domain patterns in the 90°Y-shaped nanostructure relaxed from the as-written SDW for various values of D (Fig. 5) clearly indicate that the IDMI strength must be in the proper range to stabilize the SDW at static equilibrium [Figs. 5(c)-5(e)]. For subthreshold D values, the as-written SDW will transform into a multidomain texture [ Fig. 5(a) ] or it will disappear, resulting in a single domain [ Fig. 5(b) ]; for suprathreshold D values, it will break into the labyrinthine wormlike texture shown in Fig. 5(f) . The stability of SDWs in a Y-shaped nanostructure with respect to IDMI strength is different from the situation for a straight magnetic wire, where SDWs are stable even for D ¼ 0, as reported in Refs. [23, 24] . This fact implies that the stabilization of a SDW in a bent wire requires a sufficiently strong IDMI. In the present study, the Y-shaped nanostructure includes a base, two arms, and a transition section, and the transition region between the base and the arm is a segment of a magnetic ring. Therefore, the dependence of SDW stability in a Y-shaped nanostructure on D should be due to the presence of the transition region. For our Y-shaped nanostructures, the transition region is a 100-nm-wide arc with an outer radius of 400 nm. We, thus, examine the stability of a SDW in such a 1=4 arc against M s , K u , and D. The results displayed in Figs. 15-19 of Appendix G indicate that a SDW may be stabilized in the bent wire at static equilibrium over a broad range of values of M s , K u , and D.
multiplexers. First, we examine spin-wave propagation in a 60°Y-shaped nanostructure with a SDW placed in the top or bottom conduit or without a SDW. Figure 6 displays the propagation patterns of spin waves at 30 GHz. It can be seen that the spin waves are guided along a SDW in the top or the bottom conduit [Figs. 6(a) and 6(b)], but they do not exist inside the nanostructure without a SDW [ Fig. 6(c) ]. Here, regarding the channeling effect, the bottom arm in Fig. 6(a) and the top arm in Fig. 6(b) are equivalent to the corresponding arms in Fig. 6 nonvolatility of the rewritable spin-wave guiding channels. Such low power consumption, as a key figure of merit for device applications [65] , is difficult to achieve in the multiplexer based on Damon-Eshbach spin-wave channels maintained by the current-induced Oersted field recently proposed in Ref. [11] .
In a further step, spin-wave propagation along SDWs inside the Y-shaped nanostructures with different opening angles is examined; the results are shown in Fig. 7 . Clearly, for all three opening angles, the SDWs in the Y-shaped nanostructures can channel spin waves, indicating that the SDW-based spin-wave multiplexer can operate over a wide angle range. Although for all the three opening angles, the spin waves can travel smoothly along the SDWs, the spin waves for larger opening angles decay faster after passing through the corner, consistent with Ref. [11] . That is to say, the larger the opening angle is, the heavier the spin-wave attenuation with the propagation distance; this is possibly because the spin waves in multiplexers with larger opening angles experience stronger intermodal scattering or boundary scattering [21, [66] [67] [68] [69] [70] .
To excite spin waves, we adopt the inductive method based on a strip-line antenna, which produces a magnetic field with a symmetric profile relative to the SDW elongation axis. With this inductive scheme, only spin waves with 2n (n ¼ 1; 2; 3…) nodes can be activated, and the excitation efficiency of a mode is proportional to 1=ð2n − 1Þ 2 , where 2n − 1 is the order of the excited mode [70, 71] . Consequently, the ratio between the nominal excitation strengths of the third-order and first-order modes is 1=9. In particular, only the fundamental mode is strongly excited at the antenna. When the fundamental mode runs into the bent section of a SDW, the 2n-order mode can be activated because of the translation-symmetry breaking [67, 70] . In this way, the fundamental mode can scatter into higher-order modes [72] . An increased opening angle makes a transmission channel undergo stronger bending, which, in turn, leads to enhanced intermodal scattering and, thus, enhanced attenuation of the fundamental mode. On the other hand, the distance between the SDW and the top edge decreases as the opening angle increases, as seen in Fig. 7 . This reduced separation has two effects: first, the fiber mode (the mode confined in the SDW) [23] will mix with the edge mode [66, 73, 74] because of the overlap of their spatial profiles; second, the fiber mode will be scattered by the boundary defects [66] , such as edge roughness. The modal scattering between the fiber and edge modes, as well as boundary scattering, become two additional energy-dissipation channels for the fundamental fiber mode.
E. Writing a strip-domain wall into an S-shaped wire
To ensure that the proposed SDW-injection procedure is generally valid for bent wires, we use it to write a SDW into an S-shaped wire, whose bent parts are 100-nm-wide arcs with an outer radius of 400 nm. The whole process resembling that in Fig. 2 is illustrated in Fig. 8 . The initial state is a single domain with m z ¼ þ1. A seed reverse domain is formed in a nucleation pad by using a magnetic field pulse, and then an electric current is fed into the HM2 layer of the wire from the lower-left to the upper-right terminal. The 0-ps point in Fig. 8(b) marks the time when the electric current is switched on. Once the current is applied, the seed domain wall moves into the wire and becomes a SDW [ Fig. 8(c) A micromagnetic system tends to reach an energy minimum by releasing extra energy. When a straight wire is bent, inclusion of the concaves and convexes will modify the energy landscape of the entire system, and the SDW will adapt to the curvature by varying the strip-domain width to reach a new energy minimum. The strip domain with a varying width enables the whole system to stay at a (meta)stable equilibrium state with lower energy.
V. DISCUSSION
For the systems considered here, Néel domain walls are the preferred type for rendering the most efficient domain-wall motion by SHT, as found in Refs. [30, 46] . During the SDW-injection process (Fig. 2 ), the effective field (H SH ∝ m × σ [46] ) associated with SHT exerting on the magnetization at the SDW head is aligned with the magnetization of the newly formed reverse domain, and, thus, the SDW head moves forward through the continuous expansion of the reverse domain along an edge of the wire. However, the effective field in the SDW ridge vanishes because of the parallel alignment of the electron spins and the magnetization in the SDW ridge [ Fig. 3(g) ] so that after formation, the SDW ridge does not experience a torque and, thus, stops.
The Rashba effect has been suggested as the main driving force for domain-wall motion in a Pt=Co=AlO x wire [75] . It is, thus, essential to identify whether the Rashba effect plays a key role in the present case. But, as we see from simulations, the Rashba torque [T f ¼ −γτ R ðm × σÞ, where τ R ¼ JPα R =μ B μ 0 M s and μ B is the Bohr magneton; see Ref. [47] ] coexisting with SHT does not significantly change the SDW-injection process as long as the relative strength of RT to SHT τ R =τ H is not higher than 0.5 (see Appendix A for details). We pass the electric current only to the HM2 layer, rather than to the entire thickness by using AO x as an isolation element to avoid the conventional Zhang-Li spin torques and, thus, ensuring that only the SOT exists in the FM layer. By doing so, the computations can be greatly simplified, since the relative strength of the nonadiabatic and adiabatic torques is not definitely known. Experimentally, in principle, eliminating the Zhang-Li torques is not required for SDW injection in the HM1=FM=AO x =HM2 system because the Zhang-Li torque accompanying SHT alters only the effective velocity of the SDW head (Appendix A, Fig. 10 ), contributing negligibly to domain-wall displacement in ultrathin multilayer nanostructures, as argued in Ref. [30] . Notably, the proposed procedure can work at room temperature and is not sensitive to impurities inside the sample even for an ultrahigh impurity concentration of 5% (Appendix B, Fig. 12) .
Different from the approach presented in Ref. [23] , which seems to apply only to straight magnetic wires, the method proposed here can work well for SDW injection in long magnetic wires with curvature (even at room temperature, as shown in the Supplemental Material [27] Video S7). On the other hand, the method used in Ref. [23] requires a spin valve or magnetic tunnel junction to produce a spin-polarized current, so the device structure is complex. By contrast, the present writing scheme does not require excessive units to generate a spin current. Another difference between the two injection schemes is that the former method is based on magnetization switching to form a reverse domain, whereas the present method relies on the motion of a domain-wall head to yield a reverse domain. Once the reverse domain forms in the background domain, the injection of a SDW situated between the initial and reverse domains is achieved. From the viewpoint of applications, bent components [21, 67, 68, 70, 76] will be an unavoidable building block in functional magnonic circuits [7, 10, 11] . The present method is well suited for writing SDWs into realistic circuits with bent parts to form fiber-type magnonic waveguides [22] [23] [24] .
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The drawback of the present SDW-injection method is that it is invalid for all domain-wall types other than Néel walls. For example, it is not compatible with Bloch or transverse walls. It can, thus, be used only in material systems with PMA and IDMI that favor the Néel-type domain wall in a magnetic wire [77] . The recently reported ultralow magnetic damping of approximately 10 −4 of sputter-deposited polycrystalline CoFe films with Cu=Ta seed and capping layers [78] , previously attained only for ferrimagnetic YIG films [79, 80] , can exhibit all the required PMA, IDMI, and SOT [30] and, therefore, might bring an unprecedented opportunity for the demonstrated SDW-injection procedure [81] and the established spinwave guiding scheme based on SDWs. However, the commonly used material systems for present-day magnonic applications are low-damping Py [1, 3] and YIG [82] films without PMA, for which the proposed injection scheme will fail because of mismatching between domain-wall configuration and SOT [46] .
Although the structure of our multiplexers is similar to that in Ref. [11] and we also use an electric current to set a spin-wave channel, our waveguide mechanism [22] [23] [24] is different; in particular, no current is needed to maintain the spin-wave channels in our multiplexers after imprinting, leading to substantially reduced power consumption. Additionally, the energy benefit and its applicability to bent samples might make our waveguide outperform the one exploited in Refs. [19, 20] .
VI. CONCLUSION
We propose a robust method for writing strip-domain walls into magnetic nanostructures patterned from an ultrathin multilayer film with perpendicular magnetic anisotropy, the interfacial Dzyaloshinskii-Moriya interaction, and the spin Hall effect, and even containing highconcentration impurities. Apart from straight wires, the method can be used for bent samples even at room temperature. Moreover, the spin-wave waveguide and multiplexer based on strip-domain walls are energy efficient compared to previously established ones. These findings may drive them to become prototypical spin-wave devices in magnonics. We also identify an emergent physical mechanism for the stabilization or destabilization of a domain wall under the spin Hall torque, which might lead to operation concepts in domain-wall-based memory and logic devices. 
APPENDIX A: EFFECT OF RASHBA TORQUE AND ZHANG-LI TORQUE ON STRIP-DOMAIN-WALL INJECTION
We examine how the RT and STT affect the injection process of a SDW driven by the SHT. For the RT, a set of Rashba parameters α R ranging from −1.5 × 10 −21 to 1.5 × 10 −21 erg cm are considered with an interval of 0.1 × 10 −21 erg cm. For STT, we consider that β ¼ α, and we adjust the current direction and the sign of the spin Hall angle Φ H to make the STT counteract or strengthen the SHT. We find that the SDW-injection process is not significantly affected by the RT or STT coexisting with the SHT under the condition J FM ¼ J HM2 if the relative strength of the RT to SHT is not higher than 0.5. The details are presented in Figs. 9 and 10. We also compare the dynamics of the SDW and conventional domain wall; the results are shown in Fig. 11 .
In Fig. 11(a) , below J c , the SHT-related force cannot overcome the elastic restoring force, and the SDW head in the nanowire does not move. At J c , the elastic restoring force is just balanced by the SHT-related force, and the SDW head will be kept stationary. Above J c , the SDW head in the nanowire can be displaced by the SHT. Note that J c does not apply to the cases where the RT or STT accompanies the SHT. As seen from Fig. 11(a) , the critical current density for the SDW is much higher than that for the conventional domain wall, which should be attributed to the higher elastic energy of the former, as revealed in Fig. 11(b) . We do not see auto-oscillation in SDWs in the covered current-density range up to 6 × 10 12 Am −2 [83] . In Fig. 11(b) , before the current stops, the current-induced force F d on the SDW head is balanced by the restoring force F r , and the SDW head moves steadily at a constant speed v d . Once the current is removed, F d disappears, and the SDW head contracts rapidly at a negative speed v r under the elastic restoring force originating from the high elastic energy of the SDW. The speed v r causes a transverse Magnus force on the SDW head because of the finite topological charge of the latter. In turn, the Magnus force drags the SDW head upward (i.e., along þy), and eventually, the ordered SDW structure is destroyed. This simulated dynamic process is consistent with Thiele's theory [84] .
APPENDIX B: EFFECT OF POINT IMPURITIES ON STRIP-DOMAIN-WALL INJECTION
The nanowires modeled are assumed to be patterned from ultrathin multilayer films, and, thus, defects can never be totally avoided in real samples. Defects were reported to heavily influence the motion of Skyrmions driven by a current [33] . This fact stimulates us to consider the effect of defects on the SDW injection driven by SHT. We consider point impurities randomly distributed inside the nanowire and find that even for an ultrahigh concentration of impurities, 5%, the SDW injection can still be realized satisfactorily. The details are presented in Fig. 12 . Because of the pinning effect of impurities, the SDWs imprinted into the nanowires containing impurities are not as smooth as that in a perfect wire.
Comparing Figs. 2, 3 , and 12 and Video S7 in the Supplemental Material [27] , it is clear that a SDW can be successfully written into a nanowire if a correctly set seed domain is used, irrespective of the geometry of the nanowire (straight or bent), the defect concentration in the wire (with or without including impurities), and the operating temperature (0 or 300 K).
APPENDIX D: DYNAMICS OF A FRACTIONAL SKYRMION
A closed strip domain always has two half-Skyrmion heads, each of which is tied to an end of the strip domain, whereas a SDW also includes a head similar to a quarterSkyrmion. Both the half-Skyrmion and quarter-Skyrmion carry finite topological charge and, thus, are expected to show topological dynamic behavior. Here, the halfSkyrmion (quarter-Skyrmion) head is bound to the linear part of the entire structure so that it is impossible to clearly see its topological behavior. We, therefore, study the current-induced dynamics of a meron (i.e., fractional Skyrmion) to identify the forces experienced by the SDW head and understand its behavior. The details are presented in Fig. 14, where these current-induced forces experienced by the standalone meron should also occur in the half-Skyrmion attached to the strip domain [ Fig. 4(a) ] and occur in the quarter-Skyrmion head bound to the SDW [ Fig. 4(b) ]. Therefore, the SDW head in the top panel of Fig. 4(b) feels an outward force (i.e., along -y) , which stabilizes the SDW, whereas the SDW head in the bottom panel of Fig. 4(b) undergoes an inward force (i.e., along -y), which distorts the SDW according to Lin's theory [63] .
APPENDIX E: VALIDITY OF THE INJECTION PROCEDURE AGAINST GEOMETRIC VARIATION
The injection procedure is valid for Y-shaped nanostructures with 60°and 30°opening angles, as shown in the Supplemental Material [27] Videos S2 and S3 [27] , respectively. Apart from the pad width of w N ¼ 20 nm, other width values of w N ¼ 30 and 40 nm are examined, as shown in Videos S4(a) and S4(b) in Ref. [27] . We find that the larger the pad width, the wider the imprinted strip domain [compare Videos S1(a), S4(a), and S4(b) in Ref. [27] ]; however, following relaxation, the static SDWs are identical. The injection process is tested against a sharp corner around the transition region of the 90°Y-shaped nanostructure (Video S5 in Ref. [27] ), and it can be seen that the SDW head can pass through the sharp corner.
APPENDIX F: VALIDITY OF THE INJECTION PROCEDURE UNDER VANISHING DZYALOSHINSKII-MORIYA INTERACTION
Significantly, this injection procedure can also be applied to samples without IDMI, as shown in Video S6 in Ref. [27] ]. Comparing Video S1(a) (D ¼ 2.0 mJ m −2 ) with Video S6 (D ¼ 0) in the Supplemental Material [27] , it can be seen that there is no difference between the injection processes, which indicates that the injection procedure does not rely on the presence of IDMI. Nevertheless, SDWs cannot be stabilized in the Y-shaped nanostructure with D ¼ 0; once the writing current is removed, the written SDW deforms rapidly and collapses, resulting in an undesired equilibrium domain pattern, as shown in Fig. 5(a) . This fact highlights the importance of identifying the parameter space where a SDW can exist at static equilibrium.
APPENDIX G: DEPENDENCE OF STATIC DOMAIN STATE ON MATERIAL AND GEOMETRIC PARAMETERS
The equilibrium domain patterns in the 90°Y-shaped nanostructure relaxed from the as-written SDW for various values of D (Fig. 5) , clearly indicate that the IDMI strength must be in a proper range to stabilize the SDW at static equilibrium [ Figs. 5(c)-5(e) ]. For subthreshold D values, the as-written SDW will transform into a multidomain texture [ Fig. 5(a) ] or will disappear, resulting in a single domain [ Fig. 5(b) ]; for suprathreshold D values, it will break into the labyrinthine wormlike texture shown in Fig. 5(f) . The stability of SDWs in a Y-shaped nanostructure with respect to IDMI strength is different from the situation for a straight magnetic wire, where SDWs are stable even for D ¼ 0, as reported in Refs. [23, 24] . This fact implies that the stabilization of a SDW in a bent wire requires a sufficiently strong IDMI. In the present study, the Y-shaped nanostructure includes a base, two arms, and a transition section, and the transition region between the base and the arm is a segment of a magnetic ring. Therefore, the dependence of SDW stability in a Y-shaped nanostructure on D should be due to the presence of the transition region.
For our Y-shaped nanostructures, the transition region is a 100-nm-wide arc with an outer radius of 400 nm. We, thus, examine the stability of a SDW in such a 1=4 arc against M s , K u , and D; the results are displayed in Figs. 15-17, indicating that a SDW may be stabilized in the 1=4-arc wire at static equilibrium over a broad range of values of M s , K u , and D. As expected, the arc has a similar SDW-stability range in D to the Y-shaped nanostructure (compare Figs. 5 and [17] ). To clarify the influence of curvature, we check the SDW stability against D in a set of arcs with the same width (100 nm) but different radii (400, 800, and 1200 nm), as shown in Fig. 20(a) [17] [18] [19] , and for the 1200-nm arc, D l Ã is close to zero (approximately 0.08 mJ m −2 ; see Fig. 19 ). This tendency is consistent with that for straight wires [23, 24] , which are equivalent to arcs with an infinite radius. Surprisingly, the upper threshold values (D u Ã ) are almost independent of the arc radii (compare Figs. 17-19 ).
Detailed knowledge of SDW stability as a function of K u and D is useful for device designs, considering that K u and D are highly sensitive to the interface and layer thickness [38, 51, 52] . We, thus, derive the phase diagram for static spin configurations in the 400-nm arc in K u − D space, as shown in Fig. 20(b) . Based on this plot, it is clear that the larger K u , the wider the D window in which a SDW can be stabilized. , K u must be large enough to maintain a SDW. These points can act as a guide to choosing appropriate materials for device applications. be stabilized in an arc (a bent wire) over a wide region of the parameter space, which is highly desirable for practical applications of SDW-based magnonic devices [65] .
